The tryptophan synthetase of Escherichia coli can be considered as an example of that class of proteins whose functional unit is composed of dissimilar polypeptide chains. Biochemical studies have revealed that this enzyme is reversibly dissociable, in vitro, into two components termed A and B.1, 2 Furthermore, the genetic mapping of many mutants for the chromosomal region concerned with the structure of tryptophan synthetase is consistent with this view since the genetic loci for components A and B are distinct though adjacent.3 4 On the basis of these facts, the formation of the active enzyme can be visualized to occur as a result of the association of components A and B either at the synthetic site or, alternatively, subsequent to the release of the components from the synthetic sites. In addition, it should be noted that the adjacency of the structural genes for the two components along with the current conceptual views for the synthesis of the messenger RNA5-7 makes it feasible to consider the possibility that both components of tryptophan synthetase are synthesized on the same synthetic site.
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Our approach was to study tryptophan synthetase (or components A and B) associated with ribosomes, on the assumption that the activity associated with isolated ribosomes represents a terminal stage in the synthesis of this protein. Evidence concerning the nature of tryptophan synthetase associated with ribosomes will be presented and discussed in relation to the above issues. The bacterial strains8 used were E. coli T3, B8, and A2. T3 is wild type with regard to tryptophan synthetase while B8 and A2 are mutant for component B and component A, respectively. The altered component in the mutants is inactive enzymatically and essentially free of crow reactivity to antibodies specific for the normal components. 3 The bacteria were grown in medium E' supplemented with limiting amounts of indole or tryptophan' and harvested when the tryptophan synthetase activity had been derepressed. Ten gm cells were ground with 30 gm alumina and extracted with 50 ml pH 7.4 buffer (0.01 M Tris-acetate-0.01 M Mg acetate).10 Alumina and debris were removed by 2 sequential centrifugations at 11,000 X g for 15 min. The ribosomes were then sedimented (105,000 X g-2 hr), washed twice by centrifugation (105,000 X g-90 min), and the final ribosome suspension was clarified at 15,000 X g for 15 min. A comparison of unwashed ribosomes from strain T3 with ribosomes washed once, twice, and three times yielded specific activities of (68,167), (924), (616), and 649 cpm/mg ribosomes in the assay described below.
The tryptophan synthetase activity of extracts was determined colorimetrically." The ribosome-associated enzyme was measured in a reaction mixture containing 26 jmoles -serine, 0.03 Amole pyridoxal phosphate, 20 ,imoles Tris (pH 7.8), 0.015 ml saturated NaCl, and 0.4 umole indole-2-C14 (1 mC/mM) in a total volume of 1.0 ml. For some of the measurements, the reaction mixture also contained 60 units of component A or 0.5-1.0 unit of component B. After incubation for 20 min at 370 C the reaction was terminated by the addition of 0.1 ml of 1.0 N NaOH and extracted 3 times with 5.0 ml toluene. The aqueous phase was centrifuged (10,000 X g-5 min) and an aliquot plated and counted in a Nuclear-Chicago low background gas flow counter. The activity determinations were corrected for the zero time blank and, when added, the soluble component B activity. On the basis of the efficiency of counting and the specific activity of the substrate it can be calculated that 55,000 cpm in the isotopic assay corresponds to one unit of the calorimetric assay. The isotopic and the colorimetric assays were found to be equivalent (1.47 units and 1.50 units, respectively) for strain B8 ribosomes measured in the presence of saturating quantities of soluble component B. Chromatography (Whatman #1-60 butanol: 15 acetic acid:25 water)'2 of the product produced by ribosome-associated tryptophan synthetase showed that in excesh of 90% of the isotope applied to the paper was coincident with authentic tryptophan.
The -y-globulin fraction of goat serum, containing antibodies specific for rabbit -y-globulin, was prepared by precipitation at 1.75 M (NH4)2S04. Anti-B component serum was prepared by foot pad injection of rabbits with partially purified component B in Freund's adjuvant. 13 The animals were bled 6 weeks after this single injection. Sucrose gradient centrifugation experiments were performed by layering 0.6 ml of washed ribosomes suspended in buffer over 4.4 ml of a 5-20% linear gradient of sucrose (in buffer). After centrifugation (SW 39 rotor) at 55,000 X g for one hr the bottom of the tube was punctured, and 9 equal fractions were collected. The small pellet in the tube was rinsed twice with buffer by overlay and decattation and finally suspended in buffer. Aliquots of each fraction were isotopically assayed for component A and AB complex activity as well as absorbancy at 260 mM&.
Indole Because of the existence in crude extracts of soluble AB complex along with soluble components A and B, the argument can be made that the ribosomal as- The ribosomes were prepared and assayed as described in Materials and Method. Table 2 (Expt. 1), the treatment of A2 ribosomes with T3 soluble extract results in an increase in the activity ratio (relative increase in AB complex) which, however, does not account for the activity ratio observed in wild-type ribosome preparations. Even this small increase in the activity ratio can be accounted for as an entity other than that known for wild-type ribosome preparations since it is reversed to nearly the level of untreated A2 ribosomes by incubation with anti-A component serum, while the activity ratio of ribosomes from wild-type cells was only slightly affected (Expt. 2, Table 2 ).
The insensitivity of ribosomal associated AB complex to anti-A component serum is in striking contrast to the fact that soluble AB complex is completely inhibited by such sera. These data agree with the view that the AB complex activity associated with washed ribosome suspensions results not only from the association of components A and B, but that the AB complex is also associated with the ribosome. 16 Immunological analysis has shown that anti-A component and anti-B component sera react specifically with the appropriate component.' The use of such specific sera affords an additional technique for distinguishing ribosome types. However, it was observed that the ribosomal associated enzyme was not precipitated solely by the addition of rabbit anti-A or anti-B sera. Therefore, further addition of goat antibodies with specificity for rabbit y-globulin was necessary. 16 Since the level of ribosome associated activity is quite small and because of the immunological procedure used, it was necessary to establish that anti-A and -B Equal weights of unwashed ribosomes from strains A2 and B8 were mixed and washed 2 times (105,000 X g-90 min). 13.5 mg of the mixed ribosomes, 150 ,smoles NaCi, and 0.1 ml of the indicated serum in a 1.0-ml volume were incubated for 10 min at 37°. component sera are essentially free of anti-B and -A component antibodies, respectively. To test the specificity of these sera, separately prepared component A and component B associated ribosomes (from mutants B8 and A2) were mixed and subjected to precipitation with the serum systems. Less than 6 per cent of the ribosomal associated component B activity was precipitated by anti-A component serum, while most of the uninhibited component B activity was precipitated by anti-B serum (Table 3) It is reasonable to predict that the ribosomal associated AB complex activity from wild-type cells should be precipitable with either anti-A or anti-B sera. This possibility was tested by dividing a pool of T3 ribosomes into 3 equal fractions, each of which received either anti-A, anti-B, or normal serum. Following the addition of goat anti-rabbit y-globulin to each reaction vessel, the resulting precipi- From a pool of T3 ribosomes, 3 separate samples containing 13.5 mg of ribosomes in 0.15 M NaCl plus 0.1 ml of either anti-A, anti-B, or normal serum in a 1.75 ml volume were incubated for 10 min at 37°. 1.25 ml of goat 7-globulin (6.2 mg anti-rabbit -y-globulin antibody/ml) was added to the three samples and the incubation continued for an additional 30 min. The supernatants and precipitates were isolated as described in Table 3 , and aliquots of each supernatant and precipitate were isotopically assayed (see Materials and Methods) without additions, with an excess of soluble component A and with an excess of soluble component B. tates were separated from the supernatants. The data of Table 4 show that, when the isolated supernatants and precipitates are assayed for AB complex activity (Table 4 , activity without additions), both anti-A and anti-B serum can result in the precipitation of this activity. The less effective precipitation with anti-A is probably due to the fact that our strongest anti-A serum, at the maximum feasible concentration, was insufficient to react with all the available component A sites.
When the supernatants and precipitates were assayed for their combined AB complex plus component B activity (Table 4 , activity + excess component A), the results were very similar to the activities observed in assays determined without additions. This finding is expected since T3 ribosomes contain relatively little ribosomal associated component B activity (see Table 1 ).
Assays of the supernatants and precipitates for the combined activity of the AB complex plus component A (Table 4 , activity + excess component B) yielded results which are also compatible with the foregoing data. The fact that the level of activity, for both the supernatant and precipitate obtained after the addition of anti-A serum, is the same when assayed in the presence or absence of excess component B was expected because of the extensive inhibition of ribosomal associated component A by anti-A sera. The high level of activity of the supernatant (after the addition of anti-B serum), assayed in the presence of excess component B, is explained by the specificity data of Table 3 , i.e., component A activity was not affected by anti-B component sera, and the readily detectable component A activity of T3 ribosomes shown in Table 1 . The level of activity precipitated in the presence of normal rabbit serum was not reduced by any of several attempted modifications in the experimental procedure. For example, centrifugation of the washed ribosome suspension at 7,000 X g or 15,000 X g before addition of the serum system was without effect. Varying the time of incubation of ribosomes with the serum system from 25 min to 18 hr yielded essentially the same results.
The fact that 25 per cent of the ribosomal associated AB complex activity is precipitated with normal serum cannot be explained by extensive precipitation of the ribosomes. As shown in Table 4 , less than 3 per cent of the ribosomal associated component A is found in the precipitate (after subtracting the activity due to AB complex). Furthermore, RNA analysis18 of the normal serum supernatant and precipitate showed that the precipitate contained less than 1 per cent of the RNA detectable in the supernatant.
A reasonable explanation for the precipitability of the AB activity observed in the presence of the normal serum system became available when the wild-type ribosome suspensions were subjected to sucrose gradient centrifugation. As shown in Figure 1 , essentially all of the AB activity was found in the pellet, while the A component activity was present principally in the upper half of the supernatant fluid. Therefore, it may well be that the larger ribosomal aggregates with which the AB complex is associated are trapped or nonspecifically bound by the precipitate formed between normal serum and goat anti-rabbit y-globulin, thereby resulting in the activities shown in Table 4 . Although the quantitative conversion of ribosomal AB complex to the mixture of AB, component A, and component B activity found in washed ribosome suspensions was not observed by storage alone, the possible changes introduced by the other stages of ribosome preparation, e.g., alumina grinding and resuspension of ribosome pellets, might contribute to the activity ratios observed with washed ribosome suspensions. Discussion.-Washed ribosome suspensions from wild-type cells contain AB complex activity as established by enzymatic assay, immunological techniques, and sucrose gradient centrifugation. The ribosomal associated AB complex is not the result of an artifact of ribosome preparation since it could not be produced either by the resuspension of component B associated ribosomes (from strain A2) in soluble extracts of wild-type cells or by centrifugation (100,000 X g) of a mixture of component A and component B associated ribosomes from mutant strains. Moreover, the unique behavior of ribosomal associated AB complex toward anti-A sera readily distinguishes it from ribosomal associated or soluble component A as well as soluble AB complex.
Any simple view that the formation of active tryptophan synthetase results from the association of components A and B subsequent to their release from their synthetic sites is incompatible with the observation of ribosomal associated AB complex. However, the opposite view, that the association of components A and B occurs only on the synthetic site is clouded by the fact that ribosomal associated components A and B are also observed in such ribosome suspensions. The possible artifactual formation of ribosomal associated components A and B from ribosomal associated AB complex is suggested by the experiments showing that ribosomal associated AB activity is lost on storage with a concomitant increase in com-ponent A activity. Furthermore, the manipulations used in the preparation of ribosome suspensions could also contribute to such an artifactual conversion.
The presence of component A and component B ribosome types might also be due to the nature of the affinity between the A and B component. It is known that, independent of the means of preparation, extracts of wild-type cells always contain -free component A and component B in addition to the AB complex. This fact is most likely a reflection of the equilibria between the free and bound components A and B. The suggestion that the components A and B have a relatively low affinity for one another is based on the fact that the AB complex can be readily separated by DEAE cellulose column chromatography at neutral pH.2 This can be contrasted with the globin moiety of hemoglobin which requires acid conditions (pH 4.3) to dissociate the a and # chains2O as well as stringent chromatographic conditions, i.e., the presence of urea, to prevent reassociation.2' Thus, the presence of ribosomal associated components A and B may be due to the dissociation of AB complex as well as the possible artifacts introduced by the handling necessary to prepare the ribosomes.
The analysis of ribosomal associated activities also does not permit an unequivocal answer to the question of whether both components of tryptophan synthetase are synthesized on the same synthetic site. Nevertheless, the observation of ribosomal associated AB complex imposes some restrictions on the possible mechanisms by which tryptophan synthetase may be synthesized and therefore is worthy of discussion. In this vein, the close genetic proximity of the genes for both components makes it feasible to consider whether messenger RNA carrying the structural information for components A and B associates with the synthetic site as one or two RNA molecules.22 If the assumption is made that there are separate RNA molecules for the synthesis of components A and B, then two distinct mechanisms should be considered. The first mechanism would involve the association of both RNA molecules with a single synthetic site and result in the ultimate formation of a ribosomal-AB complex. This model requires that the two RNA chains have either an affinity for one another or for a special synthetic site. Although the components A and B possess structural configurations which result in their mutual affinity, the respective messenger RNA chains are only remotely related to these configurations (when considered in a structural sense) and such RNA chains would not be expected to have a mutual affinity for one another. Furthermore, the fact that bacterial ribosomes are capable of synthesizing viral protein,5 as well as unusual polypeptides6 completely unrelated to those of the cell itself, argues against the view that such ribosomes are capable of exhibiting the marked specificity necessary to attract the proper two RNA molecules to a single site.
Another possibility is that of two separate messenger RNA molecules associated with separate ribosomes which then interact to yield a site capable of synthesizing the AB complex. This second mechanism is subject to the criticism, cited above, that the ribosome itself has not been observed to show the specificity necessary to account for a highly specific ribosome-ribdsome interaction. However, it should be noted that both mechanisms for the separate chain hypothesis cannot yet be excluded because, under the conditions of in vivo synthesis, the necessary specificity might be achieved by additional factors or by precise spatial relationships.
The case for a single messenger RNA molecule encompassing the structural information for components A and B is compatible with the fact that the genetic map of the A and B genes places them adjacent to one another. It would thereby be feasible for a single chain to be synthesized. This mechanism is attractive because a single messenger RNA molecule provides a simple and specific means for the formation of a ribosomal associated AB complex. Since the soluble AB complex is not a single polypeptide, the single messenger RNA molecule hypothesis requires that the RNA chain possess a region which did not code for amino acids.
The ribosomes from strains A2 and B8 have been referred to in this report as component B and A associated ribosomes. However, the possibility should be considered that some of the ribosomes contain, in addition, a polypeptide altered to the extent whereby it would not be recognized by the procedures used.
The immune precipitation of the ribosomal associated activities probably results in the precipitation of the ribosome as well. Orcinol analysis of the supernatant and precipitate obtained with normal and anti-B component sera systems revealed that about one per cent of the RNA is specifically precipitated.
Summary.-Isolated ribosomes from wild-type E. coli possess tryptophan synthetase activity. Such preparations contain ribosomal associated AB complex, component A, and component B. The mechanism for the synthesis of the dissimilar polypeptide moieties of this enzyme is discussed in the light of these findings. act in different ways, they operate, at least in part, on identical UV lesions.
Ultraviolet irradiation of DNA results in the formation of intrastrand dimers between adjacent thymine residues.10 The evidence indicates that such dimers account for a large fraction of the biological effects of UV on DNA.10 11 The dimers are split by 330-450 mu radiation in the presence of an extract from yeast, 12 and one may explain all the biological effects of photoreactivation on transforming DNA in terms of dimer-splitting. 3 Thymine dimers are stable to acid and to enzymic hydrolysis, and may be determined in small numbers when the DNA is labeled with tritium in thymidine. It is thus possible to follow the fate of radiation-induced lesions (thymine dimers produced by UV) in cells that are recovering from the effects of radiation, in the dark as well as in the light.
Thymine dimers block DNA synthesis in vitro"4 and in vivo.15 Radiation-resistant cells (defined in terms of colony formation) can recover in the dark from such blocks and resume synthesis; sensitive cells cannot.1" Cells that are to form colonies must synthesize DNA, and it is reasonable to assume that once DNA synthesis has resumed (and thymine dimers no longer block synthesis), the molecular events associated with the repair of damage to DNA have been completed. Thus, the time for DNA synthesis to resume in UV-irradiated cells can be considered a measure of the recovery time.
